In-situ TiB 2 particulate locally reinforced steel matrix composites were successfully fabricated by the selfpropagating high-temperature synthesis (SHS) reaction of 10Al-20Fe-Ti-B and 40Al-20Fe-Ti-B systems, respectively, in the molten high chromium alloy steel during casting. Microstructure analysis of the composite showed that the interface bonding between the matrix and locally reinforced region is very good and the locally reinforced region consists of three different regions, i.e. the Fe-rich region, the fine dispersion of TiB 2 particulates region and the larger TiB 2 particulates region. The wear test showed that the wear resistance of the locally reinforced regions of the composites is higher than that of the steel matrix.
Introduction
Particulate reinforced aluminum metal matrix composites (MMCs) have received considerable interest due to their high specific strength and high specific modulus. [1] [2] [3] Recently, however, a limited number of studies have been carried out to utilize carbides or borides as reinforcements in iron and steel matrices. [4] [5] [6] [7] Among their fabrication techniques, in situ synthesis of particulate reinforced steel matrix composite by liquid procressing route has received more attention due to its low processing cost and clean, unoxidized pariculate-matrix interfaces with higher interfacial strength. 8) Compared with the other in situ techniques, SHS has extremely attractive advantage, such as higher purity of product, lower processing cost, and energy and time efficiency. 9) Although most of iron and steel matrix composites focus on using TiC as reinforced particulate owing to its high hardness and good thermal stability in recent years, [10] [11] [12] titanium diboride, TiB 2 , is considered the best reinforcement phase for achieving high specific strength and high specific modulus in the steel matrix. 13 ) TiB 2 is a refractory compound that exhibits outstanding features such as high melting point (2 790°C), high hardness (33 GPa) and high modulus (530 GPa) characteristics.
14) The combination of its excellent properties has made TiB 2 increasingly important for a wide range of applications in erosive, abrasive, corrosive, or high-temperature environments, 15) and furthermore TiB 2 is relatively stable in liquid Fe. 16, 17) Therefore, steel matrix composites, which incorporate TiB 2 as the reinforcement phase, have increased mechanical strength, microhardness, and wear resistance.
18) At present, TiB 2 particulate reinforced steel matrix composites have been produced by several process routes such as hot-isostatic pressing 18, 19) and the direct addition of Fe-TiB 2 master alloy to molten steel matrix. 7, 13) Among the conventional fabrication steel matrix composites, the additions of hard ceramic particulates (TiB 2 ) improve the mechanical strength of stainless steels, which is always at the expense of its ductility and this trend was consistent with the result reported in particulate reinforced aluminum matrix composites. 20, 21) Hence an attempt should be made to achieve the good combination of mechanical strength and ductility. A typical solution for this may be to fabricate particulate locally reinforced steel matrix composites. In the last decades, most of studies on particulate reinforced steel matrix composites have been focused on monolithic reinforced steel matrix composites due to their relatively easy control, 22, 23) while less work has been carried out on particulate locally reinforced steel matrix composite.
The purpose of this study is to investigate the feasibility of the fabrication of in situ TiB 2 particulate locally reinforced steel matrix composites by the SHS reaction of Al-Fe-Ti-B systems during casting. In addition, the microstructures of the composites are also discussed in detail. It is expected that the preliminary results can be significant in promoting the development of the research and application of TiB 2 particulate reinforced steel matrix composites to industrial production.
Experimental Procedure
In this study, the starting materials were made of commercial powders of Al (98.0 % purity, ϳ29 mm), Fe (99.0 % purity, ϳ45 mm), Ti (99.5 % purity, ϳ15 mm) and B (98.0 % purity, ϳ3 mm). Two sets of the preforms with different starting compositions, as shown in Table 1 , were chosen as the starting materials. Powder blends were prepared by ball milling for 8 h, and then were cold-isostatically pressed into cylindrical preforms (20 mm diameter and 15 mm length) at pressures ranging from 70-75 MPa to obtain relative densities of about 70 %.
High chromium alloy steel (10.5Cr-0.3C-Fe balance, all in wt%) was used as the matrix for the composites because Fe-10.5Cr alloy wets well TiB 2 , forming a contact angle close to zero. 24) The steel was melt by non-oxidation process using a 5 kg medium-frequency induction furnace. Then the preforms were placed on the side of the sand mold, respectively, as shown in Fig. 1 . When the temperature of molten steel reached 1 873 K, the melt steel was poured into the sand mold to produce an ingot. The side regions of the as-cast ingot were sectioned and polished.
Microstructure and phase analyses were investigated by using scanning electron microscopy (SEM) (Model SHI-MADZA, SSX-550, Japan) equipped with energy-dispersive X-Ray spectrum (EDX) (Model SHIMADZA, SEDX-500, Japan) and X-ray diffraction (XRD) (Model D/Max 2500PC Rigaku, Japan).
Results and Discussion
When the molten steel with a temperature of 1 873 K was poured into the sand mould, the preform in the sand mould was rapidly heated by the high temperature molten steel. The reaction between Al and Ti to form TiAl 3 occurred initially, 25) which further ignited the TiB 2 formation reaction in the Al-Fe-Ti-B systems. Because of high exotherm of Ti-B systems during the SHS reaction, 26) 20 wt% Fe was added into the preform with the intention of serving as diluents in order to reduce the actual combustion temperature (T c ) and of making the generated TiB 2 particulates dispersion into the matrices easier. But Fe can take part in the SHS reaction of Fe-Ti-B systems 13) and the real effect of Fe in the Al-Fe-Ti-B will be further investigated in our group.
Figures 2(a) and 2(b) show the SEM micrograph of the interface between matrix and locally reinforced region of Fe-TiB 2 composites fabricated by SHS reaction of 10Al-20Fe-Ti-B systems during casting and XRD pattern of the composite, respectively. XRD result shows the composite consists of Fe-Cr and TiB 2 . According to the results reported by Degnan et al. 7) and Sigl et al., 17) if C is present in the liquid Fe, then the reaction Eq. (1) can take place. However, it is worth noting that although 0.3 wt% C was present in the matrix, no Fe 2 B was detected by the XRD result. It may be the reason that SHS reaction of the locally reinforced region possessed faster cooling rate due to the high exotherm nature of the SHS reaction, which led to form a very small quantity of Fe 2 B. The EDX analysis identified that the white portion was the matrix region and the dark portion was the locally reinforced region containing in situ TiB 2 particulates. Because the TiB 2 particulates were formed in the molten steel through SHS reaction, the interface between the matrix and TiB 2 particulate is clean, which results in a good interface bonding between the Fe-Cr matrix and locally reinforced region. From the SEM micrograph, it can be seen that the willow leaf shape phase exists in front of the locally reinforce region, which is identified as Ti(Fe, Cr) x phase through the EDX analysis. The reason for Ti(Fe, Cr) x existence is that the unreacted Ti of the preform diffused into the matrix to react with Fe and Cr. Therefore, in situ TiB 2 particulate locally reinforced steel matrix composite is successfully fabricated by SHS reaction of Al-Fe-Ti-B system during casting. Figures 3(a) , 3(b) and 3(c) show the typical SEM and high magnification SEM micrograph of locally reinforce region of Fe-TiB 2 composites fabricated by SHS of 10Al-20Fe-Ti-B systems. It is can be seen that the locally reinforced region consists of three different regions, i.e. the white Fe-rich region (i.e. I region marked in Fig. 3(b) ), the black region of fine dispersion of TiB 2 particulates (i.e. II region marked in Fig. 3(b) ), larger TiB 2 particulates region (i.e. III region marked in Fig. 3(b) ) locating in the I region and at the interface between I region and II region. In I region, some willow leaf shape and hexagon shape phases Table 1 . Composition (wt%) of the designed preforms and starting materials. exist and the EDX analysis identified that the former is Ti(Fe, Cr) x and the latter is TiB 2 . In II region, the TiB 2 particulate distribution generally appears to be reasonably homogeneous. Furthermore, the TiB 2 particulates are hexagon or rectangle, with an average size of 1 mm (see Fig. 3(c) ). In III region, the morphology of TiB 2 is analogous to that of II region and their sizes are about 2 mm. The reason for three different regions existence is as follows:
Shortly after the molten steel was poured into the sand mold, the liquid infiltrated into the micro-pore of the preform containing 10Al-20Fe-Ti-B due to the preform possessing relatively lower density (about 70 % of theoretical density) and some Ti and B dissolved in the liquid. When the preform was heated by the molten steel to the ignition temperature (T ig ) an SHS reaction started from the surface forming TiB 2 particulates and propagated to the core of the preform. During the SHS reaction an extremely porous product, e.g. typically 50 % of theoretical density, 27) was achieved in the reacted region and II region was formed. Then the molten steel infiltrated into the micro-pore of the SHS product in the reacted region and, along with the molten steel infiltrated into the micro-pore of the preform, these molten steels formed I region. The formation of III region can be attributed primarily to: (I) The TiB 2 particulates locating on the surface of micro-pore was immersed by the molten steel and some of them were deviated from the interface and moved into the Fe-rich region. The unreacted Ti and B, dissolved in the molten steel, diffused to the surface of these TiB 2 particulates and these TiB 2 particulates became larger than those formed during SHS reaction. (II) During solidification, the TiB 2 particulates tended to precipitate from the molten steel by means of nucleation and growth, as described by Eq. (2). Furthermore, the size of the in situ reinforcement formed in The microstructure of the Fe-TiB 2 composite fabricated by 40Al-20Fe-Ti-B systems (Figs. 4(a) and 4(b) ) is analogous, in general, to that of the Fe-TiB 2 composite fabricated by 10Al-20Fe-Ti-B systems and the locally reinforced region also consists of the three different regions, i.e. the Fe-rich region, the fine dispersion of TiB 2 particulates region and larger TiB 2 particulates region. But as compared with the microstructure of the latter, more micro-pores were observed in the former locally reinforced region. This can be attributed primarily to that as the Al incorporation was increased from 10 to 40 wt%, more Al vapored during SHS reaction, which resulted in micro-pores after solidification. Furthermore, the TiB 2 size of the fine dispersion regions was decreased from approximately 1 to 0.5 mm when the Al incorporation into the preform was changed from 10 to 40 wt%. This is attributed to that the actual combustion temperature decreased with the increasing of Al incorporation and the grain growth of the reaction product is an exponential function of the combustion temperature. 27) The sliding abrasive wear rates of the unreinforced steel matrix and the locally reinforced region of Fe-TiB 2 composites fabricated by SHS using 10Al-20Fe-Ti--B and 40Al-20Fe-Ti-B systems, respectively, were tested under 20 N loads using a pin-on-disc apparatus. The unreinforced steel matrix and Fe-TiB 2 composites were used as pin materials with 6 mm diameter and 12 mm height, and a SiC abrasive paper of 600 grit size was used as the counterface. The results are listed in the Table 2 . Apparently, the steel matrix exhibits the highest volume loss and the volume wear rates of locally reinforced region of the composites appear to slightly increase with the increasing of Al incorporation from 10 to 40 wt% in preforms. The abrasive wear resistance is defined as the inverse of volume loss. 28) Therefore, the wear resistances of the locally reinforced region are higher than that of the unreinforced steel matrix. The increased wear resistance of the locally reinforced region of Fe-TiB 2 is attributed to the strong interface bonding between the matrix and reinforcement phase and the slow wear of TiB 2 particulate.
Conclusions
(1) In-situ TiB 2 particulate locally reinforced steel matrix composites were successfully fabricated by SHS reaction of 10Al-20Fe-Ti-B and 40Al-20Fe-Ti-B systems, respectively, in the molten high chromium alloy steel during casting.
(2) Microstructure analysis showed that the interface between the matrix and locally reinforced region was good and the locally reinforced region consists of three different regions: the Fe-rich region, the fine dispersion of TiB 2 particulates region and larger TiB 2 particulates region. As compared with Fe-TiB 2 composite fabricated using 10Al-20Fe-Ti-B systems, some micro-pores were observed in the locally reinforced region of the composite fabricated using 40Al-20Fe-Ti-B systems and the TiB 2 size of the fine dispersion regions was decreased from approximately 1 to 0.5 mm.
(3) The wear resistance of the Fe-TiB 2 composites is higher than that of the unreinforced steel matrix and the wear resistance of the composite decreased with the increasing of Al incorporation from 10 to 40 wt% in preforms. 
